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Photochemical depolymerisation of dermatan sulfate and analysis of the generated 1 oligosaccharides. signaling events, such as cell growth and cell adhesion (Singer, 1992) . As long unbranched 50 polysaccharides, GAGs also participate in the construction of connective tissues (Comper & Laurent,  51 1978; Mathews, 1975) , such as cartilage. The ability of GAGs to be involved in such a variety of 52 biochemical processes is underpinned by their inherent structural heterogeneity. 53
GAGs are built from repeating disaccharide units, which typically consist of an uronic acid (iduronic 54 acid or glucuronic acid) and a hexosamine (galactosamine or glucosamine). Furthermore, these 55 disaccharide units can be sulfated at different sites and the position and type of the glycosidic linkage 56 also varies between GAG types. These attributes lead to structural variety within the GAG family. 57
Although not random, the epimerization and sulfation events are not regular, creating large 58 heterogeneity within a single GAG type. For example, during the processing of heparan, the precursor of 59 heparan sulfate (HS), various enzymes including N-deacetylases/N-sulfotransferases, as well as 6-O-and 60 3-O sulfotransferases and C-5 epimerases, modify its structure, though these modifications are neither 61 random or complete (Vreys & David, 2007) . The resulting macroscopic organization of HS shows a typical 62 'block structure' containing extensive structural heterogeneity (Gallagher, 2006) . 63
In order to study the biology and pharmacology of these heterogeneous polysaccharides it is 64 necessary to identify specific structures within their chains, which are responsible for their distinct 65 biological properties (Toida, Sato, Sakamoto, Sakai, Hosoyama & Linhardt, 2009). For example, the study 66 of heparin oligosaccharides revealed the existence of a specific pentasaccharide sequence responsible 67 for the binding of heparin to antithrombin (Munoz & Linhardt, 2004 Samples (300 mg) were dissolved in 30 ml of deionised water in a shallow open crystallising dish to 137 a final concentration of 10 mg/ml. 30 mg (1:10) of titanium(IV) oxide (TiO 2 ) anatase powder (Acros 138 Organics) was added. A magnetic stirrer was added to the sample to ensure the dissolution of 139 atmospheric oxygen in the solution and to prevent settling of TiO 2 . The receptacle was placed under a 140 UV light source (125 W low pressure mercury lamp from Photochemical Reactors Ltd). In order to 141 maximise UV absorbance by the TiO 2 the lamp was placed 10 cm from the receptacle at approximately a 142 70° angle. The reaction was carried out at room temperature and was stopped after 34 h, when the 143 reaction progress was deemed to be satisfactory. 100 μl samples were taken at regular intervals (8-10 144 hours) and the progress of the reaction was monitored by HPLC, following the method described below. 145
The samples were centrifuged at 16,100 × g for 5 minutes at room temperature. The supernatant was 146 passed through a 0.22 μm membrane filter for complete removal of the TiO 2 particles. The samples were 147 separated by size exclusion chromatography (SEC) at room temperature for 45 minutes at a flow rate of 148 0.5 ml/min. A Superdex Peptide 10/300 GL size exclusion column attached to a Waters 600 LCD HPLC 149 equipped with a 486 Tunable Absorbance Detector was deployed. PBS (Phosphate Buffered Saline 150 tablets, Fisher Scientific) was used as mobile phase and the UV absorbance was recorded at 218 nm, as 151 the absence of a double bond generated from enzymatic depolymerisation, prevents the use of the 152 absorbance at 232nm. The total reaction mixture after the end of the reaction was centrifuged for 30 153 min at 2,742 × g and the supernatant was passed through a 0.22 μm membrane and freeze-dried. 154
Fractionation and isolation of the oligosaccharides 155
The freeze-dried material obtained from the depolymerisation reaction was redissolved in 2.5 ml 156 deionised water and fractionated by SECon a BioCAD 700E Workstation FPLC system equipped with a 157
Waters Fraction Collector. Two XK26/100 columns preceded by a XK26/20 guard column (GE healthcare) 158
were packed with Bio-Gel P-10 Fine resin (Bio-Rad Laboratories) and connected in series. Enzymatically 159 cleaved DS tetrasaccharides and hexasaccharides were used as standards. The sample was loaded on a 5 160 ml loop and was run at a flow rate of 0.4 ml/min for a total of 62.5 h, with PBS as the mobile phase. The 161 UV absorbance was recorded at 218 nm and the fractions containing oligosaccharides were collected, 162 pooled and freeze dried. 163
Prior to NMR experiments, the lyophilized samples were desalted using the BioCad 700E system 164 equipped with a XK16/40 column packed with Sephadex G25 superfine (Sigma-Aldrich). Each run was 165 carried out with an injection volume of 5 ml and dH 2 O as mobile phase. For each run, the injection loop 166 was first flushed for 6 minutes at 2.5 ml/min and then the flow rate was increased to 4 ml/min for 21 167 minutes and 3 ml fractions were collected. The UV absorbance was recorded at 218 nm. Four to five 168 fractions were pooled together, yielding desalted oligosaccharides in 12-15 ml of solution. The samples 169
were subsequently freeze-dried. C adiabatic decoupling 185 was used to decouple the carbon-proton couplings. Spectra were acquired using t 1 and t 2 acquisition 186 times of 0.011 and 0.1069 s, respectively; 4 scans were acquired into each of 512 F 1 complex data points 187 resulting in the total experimental times of 1.5 h per sample. 188 2.5 Fractionation of fucosylated chondroitin sulfate. 189
The samples of fCS was depolymerized and purified as described previously (Panagos et al., 2014 
Fractionation of DS and isolation of the DS oligosaccharides 194
Samples taken from the reaction mixture containing DS and TiO 2 in water as described in detail in 2. 2, 195 were analysed periodically to monitor the progress of the reaction. Monitoring by HPLC showed that the 196 photochemical depolymerisation of DS does not progress at a constant rate under the conditions used. 197
As indicated by the chromatogram of Figure 1a 4, which were present at levels of 46%, 39% and 15%, respectively. Other sea cucumber species produce 265 similar polysaccharides that differ only in the level of sulfation (Vieira & Mourao, 1988; Wu et al., 2013; 266 Yoshida, Minami, Nemoto, Numata & Yamanaka, 1992). As this polysaccharide is resistant to enzymatic 267 depolymerisation, it is therefore a good candidate for photochemical depolymerisation. The branched 268 structure and heterogeneity of the sulfation predisposes the fCS polysaccharide to yield a more complex 269 mixture of oligosaccharides than the one generated from DS, which prevented their full 270 characterization. Nevertheless, similar features were observed as for the DS. In particular, the amount of 271 the N-acetylgalactosaminic acid was significantly increased in smaller fractions, exceeding 60% of the 272 total reducing end content of GalNAc (data not shown). The oligosaccharides fractions (dp3-dp10) were 273 used in microarray binding assays and were shown to bind to L-and P-selectins (Panagos et al., 2014 order to achieve a larger scale (x30 times) and without the use of specialized equipment. A wide range 284 of oligosaccharides, from dp2 to dp22 as shown by SEC, was obtained for DS. These oligosaccharides 285 contained both odd and even numbered species with no desulfation observed. 286
The tetrasaccharide fractions generated by the Fenton type and photochemical depolymerisation of DS 287
were compared (Panagos, Thomson, Bavington & Uhrin, 2012). Despite the fact that both of techniques 288 are based on oxygen free radicals creating random scissions of mainly glycosidic linkages, important 289 structural differences between the two tetrasaccharides were observed. These differences could be 290 caused by possible differences in the free radicals generated through the two techniques. 
306
While the photochemical depolymerisation has a milder effect on the reducing end IdoA than the 307
Fenton type depolymerisation, this is not the case for the reducing end GalNAc. The NMR analysis 308
showed that the percentage of reducing end GalNAc oxidised to N-acetylgalactosaminic acid increased 309 compared to the Fenton type depolymerisation. These differences cannot therefore be fully justified by 310 stating that the photochemical depolymerisation is milder; they rather imply subtle differences in 311 molecular mechanism between the two methods, possibly due to the differences in the radicals 312 produced. 313
Since photochemical depolymerisation did not degrade reducing end IdoA, and assuming that it also 314 cleaves glycosidic linkages randomly, the existence of a trisaccharide in the DS fractions was to be 315 expected. This was verified by NMR and MS (Panagos, Thomson, Bavington & Uhrin, 2012) and DS 316 trisaccharides (M W 653.5 or 760.6 g/mol) were shown to be co-eluted with the tetrasaccharide (M W  317 936.7 g/mol) fraction. 318
In summary, this study describes a larger scale photochemical depolymerisation of a simple (DS), which 319 did not require pH monitoring or specialized equipment. This method generated a range of 320 oligosaccharides with both odd and even numbers of sugar residues, as previously reported for heparin 321 (Higashi et al., 2012). Additionally, structural differences were uncovered, by 1D and 2D NMR, between 322 the oligosaccharides generated by photochemical depolymerisation and Fenton type depolymerisation. 323 These results indicate that photochemical depolymerisation should be classified as a distinct 324 depolymerisation technique that enables production of oligosaccharides containing unsulfated reducing-325 end uronic ucid and saturated non-reducing end monosaccharides rings. The photochemical 326 depolymerisation method thus enables preparation of new class of GAG derived oligosaccharides that 327 now can be investigated for their biochemical/biological properties. 328
